Abstract: Different observational techniques are compared in order to investigate possible correlations in seismic activity. The study site is the island of Kefallinìa (Greece), where measurements available included (1) DInSAR, DGPS, and DEM data, (2) soil exhalation measured by monitoring Radon (Rn) well content, and (3) acoustic emissions (AE) at high and low frequency (point-like records with high temporal resolution). AE records provide: (1) relative time variation of the applied stress intensity and (2) the state of fatigue of stressed rock volumes, the AE source. Our results indicate that the large spatial scale (poor time resolution) may be considered quite satisfactory, whereas fractal analysis of the AE time series displayed some discrepancies when compared to analogous investigations in the Italian Peninsula. Therefore, some refinement is needed in order to reach more precise interpretations of the relevant information available with this kind of data. However, both sets of observations appear in agreement with each other, although more exhaustive investigations would require a suitable array of point-like AE and Rn (or other) measuring sites, as well as longer data series. The latter are particulary helpful for detailed interpretations of the different occurrences within tectonically complex settings where crustal stress crises are marked by various types of geological phenomena.
Slow deformations and crustal stress propagation characterize geodynamic phenomena over regional space scales much larger than the areas struck by a seismic event. The entire scenario can be depicted in terms of a perturbation propagating through the crust and giving rise to local deformations, and eventually triggering an earthquake wherever a sufficient amount of potential elastic energy has been stored by the system. We attempt to discuss the observational evidence eventually supporting such interpretation, based on observations carried out in the island of Kefallinìa (Cephalonia) in Western Greece.
Different observational techniques are considered. The first is measurement of acoustic emission (AE) in the ultrasound range: high-frequency or HF AE at 160 or 200 kHz and low-frequency or LF AE at 25 kHz. These are very effective for monitoring phenomena that occur on a submicroscopic scale and precede extreme events by several months. The temporal resolution of AE is very high, and the information is point-like, and premonitory phenomena deal with an area as large as 10 6 km 2 . A few other techniques are much more effective in terms of spatial coverage over a given area, although the temporal resolution is unavoidably very low. For instance, Differential Interferometric Synthetic Aperture Radar (DInSAR) and Differential Global Position System (DGPS) are the best known standard satellite-based techniques for crustal deformation measurements. Topography is another information source, which is utilized by means of suitable Digital Elevation Model (DEM) database.
The aims of the present study are (1) to show that DInSAR and DGPS are capable of measuring some important aspects of pre-and post-seismic crustal deformation; (2) to demonstrate the synergistic integration, and complementary use of two satellitebased techniques, with the AE technique and soil exhalation; and (3) to investigate by means of a suitable analysis of a DEM some complementary geomorphologic information related to the tectonic setting of the island.
Tectonic setting
The Hellenic arc-trench system (Fig. 1a) is a tectonically very active area formed 80 Ma BP (millions of years before present) as an oceanic subduction zone. Eventually the area became a case history of interaction between two continental (African and Eurasian) masses. Kefallinìa is one of the Ionian Islands in western Greece and it is located on the NW sector of this narrow zone of convergence. The Ionian basin is still being subducted to the south, under the Aegean domain, whereas, to the north, continental collision occurred between the Apulia microplate and the Hellenic foreland (Sachpazi et al. 2000) . Those two domains are linked by a major right-lateral NE-SW trending transform fault (KF), located offshore, west of the island ( Fig. 1b ; Louvari et al. 1999; Sachpazi et al. 2000) .
Kefallinìa is built up mainly by alpine MesozoicCenozoic sedimentary rocks belonging to the external units of the Hellenides (Fig. 2a) . During the Neogene, they were part of the Hellenide foldand-thrust belt. On top of them, mainly in the south-southwestern sector of the island, younger Plio-Quaternary sediments lay uncomformably (Underhill 1989) . The deformation of the Alpine stage is recorded mainly by NW-SE trending thrusts. These older structures are crosscut by more recent NE-SW trending faults, which in some cases exhibit a significant right -lateral movement.
Four major tectonic blocks can be distinguished on the island, based on lithology, on similar structural features, and on a common evolution during the upper Quaternary: (1) the Erissos peninsula block (northern part of the island); (2) the Paliki peninsula block (western part of the island); (3) the Ainos block (central and eastern part of the island); and (4) the Argostoli block (southwestern part of the island). Each of these major blocks consists of several subordinate units and is flanked by a major thrust fault. Most subordinate units have more or less distinct geological features, on account of their difference in geological evolution during some stage. However, during the Late Quaternary, some of them were unified and compressed into the four major blocks of the island (see Fig. 2b ).
Several strong earthquakes (M . 6.0) have occurred in the Kefallinìa area. The last great event (Mw ¼ 6.7) occurred on 17 January 1983, if we do not consider the 14 August 2003 earthquake (Mw ¼ 6.2), involving mostly Lefkada island, northeast of Kefallinìa Pavlides et al. 2004) . Since then, no other event of comparable magnitude has occurred in the area, although a great number of smaller events (4.0 , Mw , 5.0) have been observed, and at least one event of Mw 5.0 is expected every year. The island is considered a Very High Seismic Risk Zone and is the subject of several investigations. We note that there is a substantial difference between the tectonic setting of Kefallinìa and that of the Italian peninsula; hence, it is difficult to compare these two geodynamic scenarios.
GPS techniques
The DGPS observations were taken from 23 GPS stations (Fig. 3 ) spread over the island, which are 'linked' and referenced to GPS stations on continental Greece. These were used to indicate possible tectonic deformation in Kefallinìa, with respect to the 'stable' mainland. The GPS network was installed in October 2001 and their relative measurements were carried out in January and September 2003. The station locations (average spacing 10 km) were selected according to the main geological structural units and to seismic activity concentration. The aim was to study the tectonic deformation triggered by faulting and by preand post-seismic activity.
A station in the central part of Kefallinìa (at Mt Ainos) was chosen as a reference (with fixed coordinates). In addition, the network was referenced to the Dionysos (DION) permanent GPS station in the Athens area, about 290 km east of Kefallinìa, for monitoring larger-scale regional movements.
Six geodetic receivers of WILD type (SR299 and SR399) were used for the GPS measurements. The Static Kinematic Software (SKI Pro, Version 3.2 1999) of Leica allowed in situ processing and adjustment of the GPS measurements. Post-processing of the GPS data was performed using the Bernese GPS Software Version 4.2 (Hugentobler et al. 2001) , together with post-computed satellite orbits (downloaded from the International GPS Service, IGS). In this way, the error estimate of the coordinates of the stations on Kefallinìa could be improved. Such adjusted values for the different periods of observations were considered, and an accuracy of 2 -3 mm in the horizontal and 4 -6 mm in the vertical component was finally achieved.
The horizontal vector of deformation in the Kefallinìa network, when referenced to DION, has a NNE direction with an amplitude of 20 mm, which is consistent with a clockwise rotation and with the regional tectonics of western Greece (Cocard et al. 1999) . Concerning the DION station, an annual motion in a SSW direction of 12 mm could be accurately defined. The final result is suggestive of a clockwise rotation of western Greece (Cocard et al. 1999) (Fig. 4) .
The local deformation was with reference to the Mt Ainos network. After the first remeasurement (January 2003), a small deformation of 4 -10 mm was found in the horizontal component, and the vertical deformation range was 10 -20 mm. The vector of the horizontal ground motion indicated a clockwise rotation around the main tectonic block of Mt Ainos, with small local discrepancies. The vertical In this subduction zone, the Hellenic Trenches, between full and dashed lines, are interpreted as outer arc basins made of upper plate material of the Aegean extensional region as well as a continental backstop to the accretionary complex. Major active strike-slip faults are the North Anatolian fault, along which Anatolia is extruded, and the Cephalonia Transform Fault, the subject of the present study, which links collision with the western Hellenic subduction. After Sachpazi et al. (2000) . movement show a general uplift of the island, with areas of subsidence to be associated with step-like faulting in the southwestern slopes of Mt Ainos and along the southern coast of the island.
The DGPS results of the September 2003 remeasurement were strongly affected by the major 14 August 2003 earthquake (Fig. 1c) that occurred on the island of Lefkada Pavlides et al. 2004) . Aftershocks appeared linearly concentrated along the northern part of Kefallinìa. Stations located on this side of the island showed strong ground southeast motions, while the area was subsiding. Stations located further south appeared less affected, maintaining the same pattern as that inferred from the first remeasurement.
DInSAR techniques
DInSAR has already proved its capability of providing images of ground surface deformation (Gabriel et al. 1989; Zebker et al. 1994; Massonnet & Feigl 1995 , 1998 Peltzer & Rosen 1995; Hanssen 2001; Salvi et al. 2004; Wright et al. 2004) . The technique was used to plot interferograms, covering the investigated area, using radar images of the ESA satellites ERS-2 and ENVISAT. Differential interferometric images covering the period 28 September 1995 to 14 August 1998 seem to coincide with the ground deformation observed in the island, although the period is not exactly the same. The DInSAR image reveals deformations ( Fig. 5 ) located in the northern part of Kefallinìa, and mainly in the eastern sector, hence confirming the ground activity observed by DGPS measurements through time.
A pair of SAR images was selected with a small baseline (B p ¼ 12 m) although with long time separation (ERS-1, 28 September 1995; and ERS-2, 14 August 1998). Ground deformation could thus be observed over a long period of time, during which no seismic event occurred. In general, the results of this analysis are consistent with the ground deformation recorded on the island by means of DGPS techniques. In more detail, every 3608 fringe circle represents one predefined great difference Dz (called altitude of ambiguity) for every fringe of the interferogram. It can be calculated as a function of the wavelength of the radar signal, of the altitude of the satellite, of the angle of the signal, and of the perpendicular distance (B perp ) between the two orbits. In the present application, Dz is 495 m. Therefore, every fringe represents 495 m in height.
Coherence characterizes the quality of the interferogram. In the present application, the coherence for the larger part of the island was quite low, leaving only selected areas with good coherence. The long temporal separation and the dense vegetation that covers most of the island are mainly responsible for such poor coherence. In the Lixouri peninsula, in the west of the island, the vegetation is not dense. However, the poor coherence resulted from the geological features, characterized by loose formations and strong erosion.
The areas of good coherence are limited to the NE and SE of the island. We can define three areas:
(1) Northeastern area. One fringe equals 28 mm of deformation along the line of sight and the one fringe is formed along the topography of the area. The height difference in the area that covers the deformation fringe is about 500 m and is almost equal to Dz. This evidence, combined with the tectonic characteristics of the area and the control of the GPS results, denotes that the fringe represents the topography of the area rather than ground deformation. (2) Agia Efimia area. In this area, a small, roughly circular, fringe can be defined. The spatial coverage of this fringe does not coincide with the topography and is located in an area where a NNW-SSE faulting zone occurs. It is not easy to explain this feature in detail, mainly because of its limited extension. However, the ground deformation associated with this fault zone could be related to localized phenomena and/or to vertical subsidence, which occurs in this area, according to GPS data. (3) Digaleto area. In this area we observe the most interesting fringes. The coherence is good and almost two fringes of ground deformation are found, although the height difference in the area is only 350 m. 
DEM techniques
The geomorphic characteristics of the island can be quantitatively defined by a landform classification procedure, based on the analysis of the local morphological setting (Parcharidis et al. 2001; Cavalli et al. 2003; Parmegiani & Poscolieri 2003; Adediran et al. 2004) . Geomorphometric data were gathered by processing a raster DEM (20 m per pixel ground resolution) produced by digitizing contour lines of a 1:50,000 scale map. The method is based on the application of multivariate statistics to an eight-layer stack, which describes the topographic gradients, measured along the eight azimuth orientations of the neighbourhood of every DEM pixel. This approach permits a quick estimate of the spatial distribution of different types of slope steepness, and a discrimination of areas characterized by similar local geomorphologic settings. Hence, it is possible to focus on changes in shape, orientation and steepness, and to stress the impact of erosional and tectonic processes on the overall relief. The classification technique chosen for processing gradient values was an unsupervised cluster analysis technique, ISODATA (Tou & Gonzales 1974; Hall & Khanna 1977) . The following input parameters were chosen for the application of this multivariate procedure: 15 classes, threshold percent change of 1.0%, and 25 maximum iterations. The resulting classification map (Fig. 6 ) assigns every class a given grey shade. Classes were later statistically analysed by computing mean and standard deviation of the eight layers, which represent the elevation differences of every DEM pixel with respect to the neighbourhood. In addition, after calculating slope and aspect values from the same DEM, the mean and variance of these parameters and of height were computed for all 15 ISODATA classes, and compared with the aforementioned eight-layer statistics, in order to give a correct geomorphic interpretation of the classification (Fig. 7) . The preliminary analysis and interpretation of the geomorphometric image (Fig. 6) , compared with the geological and tectonic block map (Fig. 2b) , show a good correspondence with the geostructural setting of the area.
AE techniques and soil exhalation
Since 1 February 2003, a multifrequency AE station has been in operation in Kefallinìa, at a very central Fig. 4 . DGPS measurements. Comparison between first and second determinations (plots in the first column), second and third (second column), and first and third (third column), respectively. The first row deals with horizontal displacements, and the second row with vertical motions. The third row shows the regional large-scale displacement compared to the mainland (DION station). location of the island, and a nearby well is being monitored for Radon (Rn) content. Every AE datum is a 30 s integrated signal at its respective frequency. Periods of anomalous AE activity were observed. Consistent with previous evidence from the Italian peninsula (Paparo et al. 2006 , this volume), they denote microdeformations preceding a seismic crisis. The HF AE (at 200 kHz) are correlated with Rn exhalation from the well.
The rationale of the analysis is hereafter briefly explained. The AE signal is released whenever some atomic bonds yield within a crystal structure, and it propagates through the entire solid probe within which the crystals are embedded. Because of this, our AE recorder should be located on top of a rocky outcrop, which is the terminal of a huge natural probe of unknown extension underground. Whenever a tectonic event makes the orientation of the natural probe change, the conspicuous crustal stress that is thus generated causes some AE release. The intensity of the AE recorded signal depends on the (unknown) efficiency of the waveguide that transfers the AE signal from its source through the detector. The HF AE will be the first observed, corresponding to the yield of some lesser and tiny pores of the solid body. As soon as such pores coalesce into comparatively larger pores, some progressively lower frequency AE will be observed. These AE of progressively lower frequency will be later followed by mechanical vibrations of still lower frequency, until the seismic roar is heard, the vibration of mechanical structures occurs, and finally the seismic shock occurs. An earthquake, however, is not just a catastrophe that causes damages whenever some mechanical vibrations happen. It is, rather, a complex crustal phenomenon that must be investigated in all its aspects, beginning from its atomic level that releases some HF AE until the occurrence of the 'catastrophe'.
In addition to the AE signal per se, which reveals the occurrence of some change in the statics and tectonics of the area, implying a time variation of the crustal stress, fractal analysis of the time series of the AE signals (see Appendix, page 59, for details) gives an effective indication of the state of fatigue of the solid rocks that are releasing the AE. (Note, 'When the resultant of all the forces in a body is zero the body is said to be in equilibrium. This will be the case if it is at rest or moving with constant speed in a straight line. Both of these cases are grouped under the common heading of problems in statics' (Sears 1950, p. 15) . Consider some huge rock, and it changes its orientation with respect to the local gravity vector. The internal stress distribution shall change accordingly, eventually causing a release of AE.) In fact, the intensity of the AE release depends (although not linearly) on the intensity of the applied stress. In contrast, the response of a material is different depending on its ageing, which depends on its fatigue. Such property is revealed by the type of time sequence of the observed AE signals. However, it is impossible to detect very feeble AE signals. It is reasonable to guess that the kind of temporal sequence associated with a given state of fatigue remains invariant starting from the undetectable and very feeble AE signals through their more intense and recordable AE impulses. Therefore, we have to transform the original AE record into a sequence of impulsesthat is, in the language of the mathematician, in order to recognize the fatigue of the medium, we have to consider a point-like process. (See Appendix, page 59, for details.) This was also shown by investigating several laboratory specimens of different kinds (investigations not reported here). As far as the geophysical applications are concerned, a great advantage was obtained from the possibility of comparing AE records collected from different geological settings, dealing either with crustal stress originated by some external (tectonic) cause (such as typically occurs in the case of earthquakes), or by some endogenous source (such as occurs in geothermal or volcanic areas). Figure 8 shows the results for the Kefallinìa island. The AE records plotted are the smoothed weighted running average over +12 hours. Very steeply sloping areas facing N-NE Fig. 7 . Height/slope/aspect mean values and morphostructural interpretation of the elevation differences between every pixel and the eight neighbours, for the 15 classes recognized in this study. we carried out a running average over a total time lag of 24 hours, by applying a triangular filter, with maximum weigh at the centre of the time interval, and weigh linearly decreasing to zero from the entry time instant t, to t 2 12 hours and to t þ 12 hours, respectively.) Compared with previous case histories from the Italian Peninsula (see Paparo et al. 2006, this volume) , a remarkable feature is the large scatter of the fractal dimension D t v. time for both HF and LF AE (Fig. 8c, d ). The LF AE series is more limited in time, because of the failure of the system as a result of a flood. The steep increase of HF AE in February 2003 seems to correlate with the large Rn maximum (Fig. 8a, e) . The HF AE peak in the middle of June 2003 (Fig. 8a ) ends when the peak of LF AE starts (Fig. 8b) , and both peaks are followed by a Rn peak observed at the end of July 2003 (Fig. 8e) . The HF AE (Fig. 8a ) displays some activity. The fluctuations reveal that the AE sensor was unable to recover during the time lag elapsing between every two subsequent AE signals. That is, the sensor experienced a very rapid sequence of AE signals. This supports the fact that the entire region was presumably subject to some relevant stress propagation during the entire time interval. The HF AE spikes denote, presumably, some local features associated with the yield of microstructures at a site comparatively close to the AE recording site. Another possibility is that the AE source was at a comparatively great distance, but the AE source was much more intense. This second possibility could be suggestive of a correlation between AE and the Lefkada earthquake (Fig. 1c) , and the subsequent peaks could be better explained according to the first mechanism. In more detail, the system after the Lefkada earthquake remained perturbed during the entire period in which aftershocks were observed, and it shifted to an apparently quiet trend when the aftershocks ceased. Then, according to the HF AE, the system remained in a comparatively quiet state for a while, until January 2004, when it started to be perturbed anew by some activity shown by a scattered and increasing trend.
The LF AE plot in Figure 8b shows some activity during June -July 2003, preceding the Lefkada earthquake by approximately two months. According to the same rationale, some lesser activity in January to March 2004 could be associated with four events of Mw 4 with an epicentre in northern Kefallinìa. Shortly after this occurrence, an increasing trend occurred after 18 April 2004, showing that the region had very frequent AE signals, and the sensor could not recover between any two subsequent signals. Independent of their specific physical interpretation (which, in any case, appears still fairly premature), three different observations can be made from the LF AE plot in Figure 8b . First, there is essentially no trend except during the very last period of records, when it increases. Second, a simple scatter of points is superposed, almost like noise (however, is not noise) and this should have a physical implication. Third, the scatter or 'noise' seems to increase significantly, being in some way approximately correlated with the amplitude of the increasing trend. During May 2004 a remarkable amount of seismic activity was concentrated in the northern region of Zàkinthos.
The large LF AE peak observed shortly after 9 June 2004 (Fig. 8b) could be an object of serious concern. This much larger peak could denote that either the AE source is much closer to the AE sensor than in 2003, or that a new earthquake is forthcoming, at a comparatively great distance, but of some stronger intensity. Obviously, this is not a prediction. One could tentatively consider this feature as being one possible precursor, suitably correlated with other evidence by means of other techniques.
On the other hand, such a phenomenon could be interpreted differently. The HF AE trend (Fig. 8a) can be considered as separating the long-range from the short-range trend. The short-range HF AE trend displays some apparently erratic variations, which, as mentioned above, ought to reflect local stress and microdeformation, although displaying the aforementioned correlation with aftershocks. The long-range HF AE trend clearly displays a possible yearly variation, which is not significant per se, because, strictly speaking, several years of records ought to be available. However, the same yearly trend, although eventually phase shifted, is observed also in the Italian Peninsula. If this inference is confirmed, an interpretation has to be attempted. Considering the conspicuous difference in tectonic settings between Italy and Kefallinìa, a tentative possible guess is that a yearly wave of crustal stress is steadily involving the entire central and western Mediterranean area, potentially associated with astronomical forcing. For the time being this is mere speculation, and a correct interpretation can be given only by considering HF AE records collected at several different locations, perhaps operated non-simultaneously, in order to map the apparent yearly trend, and its amplitude and relative phase. With this perspective of the HF AE, the LF AE appears comparatively less interesting, as no apparent or suspected yearly trend is observed.
In general, however, the AE records seem to provide a significant and unprecedented monitoring of the evolution of the crust during its preparatory stage before the eventual occurrence of an earthquake. It appears to be a useful technique also for diagnosing the temporal evolution of crustal stresses, independently of whether an earthquake is going to occur or not.
Conclusions
With respect to the AE technique, Kefallinìa and the Italian peninsula, although having very different tectonic settings, display some interesting analogies, although every realistic inference on crustal stress evolution requires arrays of simultaneously operated AE recording stations. More in general, this would allow us to better explore the potential of fractal analysis of AE time series signals in order to furnish important information on the state of fatigue of stressed crustal rock volumes. Regarding the other techniques that are considered in the present study, their results appear to be in agreement with each other, although, as expected, no final conclusion seems as yet possible. The 'largescale' information derived from satellite remote sensing or from DEM analysis lacks any adequate time resolution. In contrast, the field records (AE and soil exhalation) have a good time resolution, although they are point-like, and one needs an array of recording points to obtain information valuable for geophysical inference. Our results might show, however, that the crustal stress in Kefallinìa island propagates and interacts with (or, perhaps, it contributes to generating) the highly complicated faulting network responsible for the seismicity of the area. The degrees of freedom of the system are, however, too large, and no simple or intuitive model can yet be proposed from the presently available database.
